Abstract. The damage of cylinder and equipment due to the pile detaching can be avoided by using the buffer device with large flow, which adopts throttle buffer inside the cylinder combining with the control of the relief valve outside the cylinder. To investigate the thermodynamic characteristics of the cylinder chambers and the law of movement of piston, the accurate mathematic model need to be established so the method based on pseudo-bond graph is introduced. According to the conservation equations for mass and energy, the thermalhydraulic pseudo bond graph C and R elements are developed, and the connection rule for the two elements are determined based on their input and output variables. The bond graph model of the buffer system containing the coupled of multiple energy domains is obtained in a unified way based on the structure and working principle of buffer device, then the system state equations have been derived from the model. The model can be used in variable parameters' simulation with the parameters in the experiment, the pressure simulation data of two chambers of impact cylinder agree well with the experimental results, which indicate that the model can be used for the design and optimization of buffer device of hydraulic pile hammer.
Introduction
Hydraulic pile hammer is widely used in pile foundation construction for the advantages of low noise, low energy consumption and high efficiency. The impact cylinder with large flow is the key equipment of hydraulic pile hammer [1] [2] . Once the hammer and pile separates in the working process, the piston will strike the cylinder cover with high speed and large inertia, which produces a great impact force to damage the cylinder and equipment. In order to avoid this phenomenon, a buffer device adopting throttle buffer inside the cylinder combining with the relief valve outside the cylinder is installed in the end of cylinder piston to enable the piston stop stably and safely. The impact energy is consumed and converted into heat by throttling in a very short time, so the temperature of hydraulic oil in the chamber rises sharply. To investigate the thermodynamics of the cylinder chamber and the law of movement of piston, it is necessary to establish a complete and accurate mathematical model for the buffer system. Hydraulic hammer buffer system modeling involves multi-energy domains, such as hydraulic, mechanical and thermodynamic. The traditional modeling method [3] [4] [5] [6] , limited to a particular domain, failed to unify the physical quantity in different energy domain, so the application of the model is restricted to a certain extent. Consequently, other analytical approach such as bond graph method based on energy and information flow is considered to be more desirable in the present study. This allows one to study the structure of the system model. The nature of the parts of the model and the manner in which the parts interact can be made evident in a graphical format. The system equations also can be derived algorithmically in a systematic manner when the overall bond graph is ready [7] [8] [9] . Karnopp[10] proposed the concept of pseudo bond graph for the thermo-fluid systems, the temperature and pressure are defined as effort variables, the corresponding flow variables are energy flow and mass flow. Apart from the restriction that the product of the variables associated with each bond does not equal the instantaneous power, pseudo bond graphs share all other features with true bond graphs. But it is only applied on the study of compressible gas, the thermo-hydraulic system need to be further research.
In the present study, refer to the experience of pseudo bond graph used in the pneumatic system, the thermal-hydraulic pseudo bond graph C and R elements are developed based on the basic laws of physics, the mathematical principles and connection rule for the two elements are also studied. Subsequently, the bond graph model of pile hammer buffer system is constructed in a unified way, and the system state equations have been derived from this model. Finally, the mathematical model is verified experimentally, which provides a theoretical basis for the design and optimization for the buffer device of hydraulic pile hammer.
pseudo bond graph elements for thermal-hydraulic model
There is a wide variety of hydraulic components due to its function, working principle, structure, etc. However, consider the working mechanism of the hydraulic components [11] , they can be divided into two types: the capacitive component and the resistance component.
The hydraulic pipeline, the cylinder chamber, the accumulator, etc, which are the basic capacitive component in hydraulic system. The basic capacitive component be regarded as the control volume in which the pressure and the temperature can be computed. The conservation equations for mass and energy are the basic equations for thermal-hydraulic modeling of the capacitive component. As shown in Fig.1 , the changing rate of mass flow in the control volume can be described as 
（4）
By differentiating with respect to temperature and pressure, Eq. (4) leads to
（5）
From this equation, pressure in the control volume can be couputed:
（6）
The isothermal bulk modulus 
（8）
Combining Eq. (1), Eq.（3）and Eq.（8） gives
For one-dimensional flow, the energy conservation equation for the control volume can be written as:
Where Q represents heat flow absorbed by the control volume from outside, including heat transfer and heat radiation. W is the rate of work except for the work required to push mass into and out of the control volume, which is taken care of by using enthalpies for the energy of fluid streams.
E is the time rate of change of the fluid energy in the control volume. Energy in the control volume can also be expressed as:
Conclusion
(1) Firstly, according to the working mechanism of hydraulic components, they can be separated into two categories: capacitive components and resistive components, then the thermal-hydraulic pseudo bond graph C and R elements for the capacitive connection rule for basic thermal-hydraulic pseudo bond graph elements and the method to automatically generate the complete thermal-hydraulic system model are put forward, which are applied to the multi-energy model of buffer system of hydraulic pile hammer. The model is verified experimentally, which can fully reveal the working performance and dynamic characteristics of the buffer system and provide a theoretical basis for the optimization design of buffer device.
(2) The pseudo bond graph C and R elements are basic units for the thermodynamic analysis of hydraulic system. The hydraulic component can be abstracted as capacitive elements and resistant elements according to the working principle of the hydraulic circuit, then the complete bond graph model of hydraulic system can be obtained quickly by the connection rules. This modeling method provides a new research idea for the temperature simulation of hydraulic system and expands the simulation range for the bond graph theory. In addition, by using Advanced Science and Technology Letters Vol.53 (ISI 2014) hydraulic port of pseudo bond graph C element, it is easy to joint with the subsystems of electromechanical part to construct a global coupled dynamic model of the system.
